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NEW THEORIES FOR SIWCTIC AND NEMATIC LIQUID-CRYSTAL
POLYMERS: BACK80NE L-CPSAND THEIR MIXTURES AND
SIDE-CHAIN LCPS

F. DWELL
Theoretical Division, Los Alamos National Laboratory,
Unlvor8ity of California, Las Al&mo#, .N?487545 USA

Abstract A aumary of predictions and ●xplanations
from ncw statistical-physics thaorics for bor.h
backbono and side-chain liquid crystalllna polpare
(LCPS) snd for ❑ixtures with backbona LCPS ●ra
prasontod. Trondz in thcmodynamic and molocular
ordoring proportion ha- boon calculated ●s ● fur.ction
of prossura, dansity, tmpcraturo, and W1OCU1O
chemical structures (including dagroo of
polporization and tht following propartias of tho
chemical structures of tho ropsat units: langtha and
shapes, intra-chain rotation ●ncrgios, dipolo momtmts,
slta-stta polarizabilltios ●nd Lann.ard-Jonos
potentials, ●te.) in ncmstic ●nd multlplo swctic-A LC
phasoa and in tha isotropic liquld phase. Tho
thoor~tical results ●ro found to b. in good ●grocmsnt
with ●xisting cxporimontal tits. Those thoori~s can
●lso bc ●pplied to combin.odLCPS. Sinco chaso
thcori~a havo ~ ad hoc or ●rbitrarily ●djustable
pmramotsrs, thus- thaoriaa can b. used to &sign now
LCPS ●nd now solvonts ●s WO1l ●s to prodlct ●nd
sxplaln propsrtloa.

INTRODUCTION

Liquid crystalline polpora (LCPS) ●ro of consid~rabla
basic ●nd mppliod intoramt (s,. tho gonoral background
sourc~s in R@f. 1). From ● ba-ic standpoint, LCPS 1,1
condonsad phmsma constitute on. of tha most challenging
many-body problams in ●tatiotical physics--that it, the
}~ackingof many chansing, very anitotropic shapes,
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In backbone LCPS, the low-molacular-weight (MU)
liquid-crystal (LC) structuro is repeated ❑any times to
mako the polymr chain or backbone. In side-chain LCPS,
LMW IX structur~s are ●ttached ●s side chains to a non-LC
polymar backbono (such as polyethylene), with tha side
chains rcsombling the teeth of s brush or comb, In
combinod LCPm, ●ach molecula is a backbone LCP with LC
aida-chaina,

Some backbona LCPS (such ●s Kovlar) havo major us~s as
stronger, lighter-weight raplacamsnts for metals and other
materials in various structural applications, such ●s body
●rmor (football holmats, bulletproof vasts, ●te.) and ●uto
●nd ●irplana parts. Uses of sida-chain LCPS includo
●l~ctro-optis dovicos. flixturaswith LCPa ●rc important in
modifying tho Ordaring of a pura LCP ●nd thus aro ~mportsnt
in industrial processing.

Thcro ●ro thousands of possibla chemical structures in
LCPS. A reasonably typical cxaEPlo of ● IMJ LC structuro
that ●ppears dp times to mako a backbona LCP is

[-()-#.N-N-#-O-(~2) y“]dp -

* +c- +

rigid section samifloxiblo ●action

# lndicatom ● ~-mubmtitut~d bonzona ring. y - 0 to 20.
dp is ●lro tho dc~roo of polymarizacion, Tho side chains
of miti.chain L.CPS●ra similar MU LC structuroa, but mtiy
havo two somifl~xiblc soccions--ono on cithar ●nd of tho
rigid #action.

Tho ovarlap of m orbitals in tho aromscic, doublo, and
triple bonds in a rigid saction laads to tha rigidity of
that section, Th D-alkyl chain #action is partially
flexible (scmiflaxibla) ninco thor~ arc ono trans ●nd two
pucha rotational ●norgy ❑inims for ● carbon-carbon bond
batwaen mathylane or methyl unitn in ● given chain sactiun.

m coaY

2

Tho thaory uuod in thim paper involvos cxtanaion ●nd
rtfino~nt of ●arlitr, vary s~c~eornfulthaorias
(Rafs, 2.10) ●pplied to MU Ma, Uhilo tha th~oo ●arliar
thoorios could hava bosn used for l.mgar MO1OCU1OC (su~h as
backbona LCPS) by tlmply incraaaing tho total numbsra of
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rigid and ●omiflaxibla single aitan (segments) in the
MO1OCU1O, tha theory of this paper explicitly treats ~a>at
units (whore ●ach repeat unit can have a rigid saction an~
multiple samifloxiblo sections as discussed in the
preceding “Introduction” section) ●nd how thesa units
repeat to mako up the complote polymer molocule.

In the thaory of this paper, the chamical structure of
●ach MO1OCU1C is divided into a soquanco of connoctad mit~s
(or sapnts) whoro thasa sitas correspond to small groups
cf ●coma (such ●s bonzmo rings ●nd mothylono groups). Ua
then uso ● localizod maan-field (IJ4F)●implo-cubic (SC)
lattico theory to study tho packing of tho moloculas
(sagmant by sogmant) in the #y-tom volume at a given
prcasuro ●nd tcmporaturo,

Wo uuc SC lattico thaory #inc. any orientation of ●

molaculo or molocular part or bond can ba dscomposod intr,
itm ~, y, ●nd g components ●nd nappad onto a SC lattico in
● marcnaranA1ogoua to norul coordinate ●mlysis in, for
●xamplo, molacular sp~ccroscopy. W maans that thora is ●

spacific ●vora~o neighborhood (of othor molocular sites and
●mpty space) in ● given diraction ~ ●round ● givmn
molocular sit. in s ~ivm local rosion tn tha syst,am.
Th.m local rcgiona ●ro datcrminod by the ●ctual packing of
tha MO1CCU1OS in tho system. TIM fact that tho packing can
b. difforant for diffaront directions ~ ●llows us to treat
partial oriantational orderinc ●long ● p~rfcrrbd, axia.
And, tha troacmant of local regions S11OW8 us to dsal with
partial positional ordarlng (s*a discussion in Rofa. 4-7,
9-lo).

Tho packin~ of tha moloculas is dono mathtimaticplly
using lattj.cocombinatorial statistics to dottrmina ~[~a
analytic partition function Q for tho system, (The
goncraliz-d combinatorics used in the thaory of this paper
hava boon found to be guito accurate when compared vlth
Honta Oarlo oomp~r rimulmtiom irrat +*aaF ona-llmibing+
casa prcuantly amenablo to ●uch simulations (sas discussion
in R@f, 4). Varioum continuum limitc ●ra taken in tha
thaory of thin paper.

Tho partition function Q ●nd tho rcaulting ●quationa
for static thermodynamic mnd molscular ordorlng proparcias
●ra functions of the prossura ~, tsmporaturo ~, damity p,
lengths ●nd ahipaa of tha rigid ●nd somiflaxlblo sections
of tho ❑olaculos, not ●nargy diff~roncc E batwsan tran-

8 —.
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and gauche states, dipole ❑oments, site-site
polarizabilities and Lannard-Jones (12,6) potentials,
degree of pelymarization, ●nd orientarional and
one-dimensional (smectic-A) positioml orderings of the
differant rigid ●nd semiflaxible parts of the molecules.
Tho Lannard-Jon@s (LJ) potantlals ●ro used to calculate
repulsions and London dispormion ●ttractions borwan
different melacwlar sit-, and th~dlpol- ~~ and
polarizabilitioa ara unad to calculate dipola/dipole and
dipola/induced dipole intaractionm batwoen different
❑olacular flitem. Each interaction in tho theory of this
papar deponda explicitly on the intramolecular ●nd
Intcrmolocular oriontational ●nd positional ordaring of the
specific ❑olacular sites involvod in tha interaction,

Thora -r. no ●d hoc or ●rbitrarily ●djuatablo
paramat~rs in tfis theory. All variables uaod ‘n tha
thaory of this paper ●ro taken from txparimontal data for
atoms or small groups of atoms or ●rc calculated in tho
th-ory.

TIM chaory uaad in thim paper ham baon darivod in
datail ●lsawhera (Rafs, 11-13) ●nd involvcm (Rsfm. 11-16)
●xtonmion ●nd rofinamant of ●arllar, vary successful
thoorios (Rofs. 2-10) for MS ●nd thair mixtures. Duo to
tha s~ry ~tura of this papot, wa nota only tho chanxoti
mada in this paper (to the LC ●quationa of thos~ ●arlior
thaorios) in ortir to treat backbona UPS, side-chain LCPS,
●nd mjxturas with hackbona LCPS in this papar,

SPECIFIC THEORY FOR MC’’KBME LCPS

T’tiochaory troacc backbona LCPS in ~matic, smactic-Al,
●nd smactic-Ad LC phasoa and in tho isotropic liquid phaaa.
In tho LC phmsas, the long axes of tho moloculms tend co
oriont parallel to ● profarrtd ●xis. In tha mactic-A IX
pha.os, the moloculos also havo ono.dimanslonal (1-D)
positional ali~nt (along tho profarrtd ●xia), such ri~id
sactions pack with othor rigid sections fill. scmiflaxiblo
#actions pack with othor somiflaxiblo sections, In tha
s~ctlc-Ad U phas~, choro la partial 1-D positional
slignmant. In tha ●ectic-Al U phacc, thoro is total 1-D
positional ●llgnmant.

Tho ●quations i~~tha theory of this papar for backbono
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LCPS are derived in detail elsewhere (Ref. 11) and are the
same as the equations of Ref. 7, except for the following
changes. [Variables not defined in this paper have been
previously defined in Ref. 7.]

(r - 1> in Eqs, (4), (5), and (10) of Ref. 7 becomes

[r - (l/alp)]in the thaoryof. thl.spapez for.backbane-LCPa.

Bi inEq. (13) ofRef. 7 becomes Bi- (l/alp)+ x[2f(l -

p2i)/3)1. q, r, and v in Ref. 7 become P2r, P2f, and P2i,

raspactivcly. (These symbol changes for q, r, and M ●re

changes in the ●ctual symbols, but not in tha definitions

of tho variabl~s for which thosa symbols stand.) y in

Eq. (15) of hf. 7 bocoraesv = ●2((2a/dp) + v~/3[m -

(2/alp)]), ~in Eq. (16) in Raf, 7bocomeo ~-v~/3(r +

1/3)/dpJ.f[(l t 2P2i)/3]) + [(a - V.

Tho troatmenc of tho flexibility of ● ssmiflaxibl-

chain in Rot?. 7 was sigriifirantlyrofinod in Rofs. 8-10:

Thus, Eq. (14) of Ref. 7 is r~placod in this papsr by

P2i - ((3 Cos% - 1))/2 -1 - 3U, 2U - (Z7 2u7f,)/(z7 f7L

f - Z7

(-cH2-

of tha

2U7 -

2U7 -

f,, whro fv is tho number of samifloxiblo sagments

or -(X13 groups) in tho somiflaxiblo-chain saction T

molaculo, 2+ - 2~2 for fy - 1.

(+1 Ylj) + [(f, - waizf=l y2j]vf7 ●nd

(x;-l Y3j) + [(f7 - 3)/2][X;=1 y2jlVf7
for won f7 2 2 and ftir odd f, a 2, rospoctivoly.

‘11 - 2(f1r2 + f22)/D1, Y12 - 2(2f1f2 + f22)/D1,

‘21 - ’22 = 2({12 + 3f~~2 + 2r22)/D2,

’31 _ 2(f~2~* + 3f~fi2 + f23)/D30

’32 - 2(2~~2f2 + 4flf22 + f23)/D3,

Y3> - 6(f12~2 + ~lf2i){D3~

o~ - r12 + 4f~f2 + zrz , D2 = 3f12 + 2(5f1~2 + 3f22),
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rl - 1/(1 + 2A), ~2 - A/(1 + 2A), and A - exp[-Eg\(kT)].

In the limit dp + 1, the equations here for backbone LCPS

reduce to the equations of Refs, 7 and 9-10 as applied to

IJ’fwLCs.

In the calculation for backbone LCPS in this paper,

there is onc semiflexible chain section par repeat unit.

Thus in the sbovo equations, f - fl ●nd 2U = 2U1 for

backbone LCPS in this paper, where fl ●nd 2U1 are

calculated using the equations given above for f~ ●nd 2U
7’

ro8poctiv91y.

Aa in Raf, 7, varioua thtrmodymamic ●quations ●.

obtain-d (aftar tho mannar of Rafs. 2-3 ●nd 5-6) from thm

h
●rtition function Q, i~cluding (1) ● proesuro-voluma-

tomperatur~ (pVT) ●quation of stata, ●nd (2) ●nd (3)

●quations that minimizo tho Gibbs fraa cnargy of thm systam

with raspoct to P2r (tha ●voraga oriantational molar of the

rigid sections of tho molsculasj and A [tho average 1-D

positional ordar (i..., ●ectic-A ordar) of tha molcculos],

respsctivoly, ●t constant ~ ●nd ~. As in Ref. 7, thosm

thrao specific ●quations ●ra (in gonaral) solv~d

simultarwously (via r~rical computor iteration) to obtain

numerid.valus d tba thr~ Lndap_t XMlos p, P2r, -

and A in tho various phassa of ths systam ●t givmn ~ and ~,

given tho physical constraints O < P s 1, 0 s P2r s 1, ●nd

OSAS1.
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SPECIFIC THEORY FOR PACKING

In the theory of this paper

SIDE-CHAIN LCPS & MIXTURES

OF SIDE CHAINS IN LCPS

for aide-c?.ainLCPS, we
concentrate on the packing of the LC side chains (of the
side-chain LCPS) in fully-interdigitatedmonolayer
smectic-A and non-interdieitatedbilayer smectic-A LC
phases. In this theory for side-chain LCPS, there is one
sida-chain par zcpaa.ttit fi the badbo= C& * UP.

The equations in the theory of this paper for the
packing of aide chains in side-chain LCPS are derived in
detail elsewhere (Ref. i2) and are the same as the
equations of Ref. 7, except for the following changes.
[Variables
defined in
Ref. 7 ●re
side-chain

Bi in

not defined in this paper have bean previously
Ref. 7. Variables used for the LMU LCrnin
retained for the LC side-chains in the
LCPS in this paper.]

Eq . 1.13) ofRaf. 7 bacomcs Bi - (1/2) + x[2f(l -

p2i)/3)] in the theory of this pap-r for side-chain LCPs.

q, r, ●nd v in Ref. 7 becnme P2r, P2f, end P2L,

respectively. (These symbol changes for q, r, ●nd v arc

changes in the actual symbols, but not in tho definitions

of tho variables for which thasa symbols stand.) ~ in

1/3(m - 1)]. dL inEq. (15) of Ref. 7 becomas v - ●2[a + V.

1/3(3 + r + f[(l +Eq, (16) in Ref. 7 bacomos dL - V.

- vi/3) for sido chains packing in2p2i)/3)J + Z(a o

fully-intordigitatadmonolayor ●ectic-A IX phases. dL in

1/3(2 + r+ f[(l +Eq. (16) in Ref. 7 bacomas dL= 2V0

1/3) for sido chains packing in2p2i)/3]1 + 2(a - V.

non-intardigitatad bllayar ~ctLc-A LX pbasu. A-1.

g in Eq. (15) of Ref. 7 bacomes-in this theory for

side-chain LCPS in thio paper--th~ ●verago separation

dlstanco botv~an tht contcrs of two first-nolghbor

❑olocular scgmants (sitas) in neighboring ●Ida-chains. In

this papgr, ● - ●’ for side chains that pack with sida
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chains on the same molecule (i.e., non-interdigitated

pac~ing), and a - a’/2 for aide chains of a ❑olecule that

interdigitate with (i.e., pack between) the side chains of

1/3(rb + fb[(l + 2p2ib)/3]).other ❑olecules. Here, a’ - V.

rb, fb, paib, Egb, and 2% are variablaa dealing with

the backbone in the side-chain LCPS and are the same as g,

g, p2i, Ego and 2u, respectively, for a backbone LCP,

except for the following changes: fb - fbl + fb2, and 2ub

- (~7 2~7fb7)/(zT fb~). fb~ - fbz and fb~ - (fb2 + 1) for

even ●nd odd fb, re8peCti’!ely.

The number f of somiflexible segmants in a side chain

is given by f = f, + ft. Hera, fa - (fl + f2) ●nd is the

number of samiflcxible segments in the seniflexibla spacer

batveen the backbone ●nd the rigid #action of tho side

chain in the side-chain LCP, f~ - f2 ●id fl - (f2 + 1) for

●ven and odd f,, respectively. ft - f3 ●nd im the number

of semiflexible s-pants in the terminal chain section

uttached to the outer ●nd of tha rigid section in cno SICIO

chain of tha side-chain LCP. 2U ●nd P21 in this theory for

side-chain LCPS ●rc calculated using fl, f2, ●nd f3 in the

●quations for 2U ●nd P21, respectively, in the preceding

section “Specific Theory for Backbone LCPS”,

The above traataants (Rcf, 12) of tho memiflexibla

sections in the backbone ●nd sida chains of ● side-chain

LCP ●rise from tha intramolecular coupling of tha

orientmtiona! ●nd positional ordering of tho backbona to

the orientational ●nd positional ordering of tha

aida-chaina. In this particular theory hers for tha
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packing of side chuins (of side-chain LCPS) in smectic-A

phases, the simplifying (but physically ~easonable)

assumption is made that side chains pack with other side

chains while backbones pack with other backbones. Thus,

this theory may be viewed as calculating upper bounds for

the efficient packing of backbones and side chains of

side-chain LCPS.

As jn Ref. 7, various

obtained (after the ❑anner

thermodynamic equations are

of Refs. 2-3 and 5-6) from the

partition function Q, including an equation that ❑inimizes

the Gibbs free energy of the system with respect to P2r

(the average orientational order of the rigid sections of

the side chains) ● t constant ~ and ~. After the ❑anner of

Ref. 7, this specific equation is solvod (via numerical

computer iteration) to obtain numerical values of the

independent variable P2r in the various phases of the

system at given ~ and ~, given the physical constraints O s

P2r s 1.

SPECIFIC THEORY FOR MIXTURES WITH BACKBONE LCPS

This theory treats binary ❑ixturee In tha namatic LC phase
and the isotropic liquid phase. In these mixtures,
Component 1 (Cl) is a backbone UP and Component 2 (C2) can
be either polymaric or non-polymeric and sither LC or
non-LC. In thii thdory, there ie ono somifl~kibIe section
in tho repeat unit of each compomnt.

The equations for these binary ❑ixtures (Refs, 13 and
15) are derivad in detail elsowhoro (Ref. 13) ●nd are the
-me as the equations of Ref. 2, ●xcapt for the following
changea. [Variables not defined in this paper have been
previously defined in Refs. 2 and 7.]
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A and W in Ref. 2 become ~ and ~, respectively, in

this paper here. (rA - 1) and (rW - 1) in Ref. 2 become

[rl - (l/dpl)l and [r2 - (1/dp2)], respectively. BA and BW

in Ref. 2 become B1 - (l/dpl) + [2f(l - P2i1)/3)] and B2 -

(1/dp2) + [Zf(l - p2~2)/3)], regp~ctively. ~~, q~, ~~, 7*,

v~, and Ua in Ref. 2 become P2r1, P2r2, P2f1, P2f2, P2i1,

and P2i2, respectively, !“1’‘2* ‘PI’ ‘Q2’ EE2, 2U1,Egl‘
2U2, P2i1, and P2i2 are defined in this mixture theory for

Cl and C2 in the same manner as ~, dp, Eg, 2u, and P2i,

respectively, are defined for pure backbone LCPS. 2u~,

2U2, P2i1, and P2i2 are calculated using fl, f2, Egl, Eg2

in the equations for 2U and P2i, respectively, in the

preceding section “Specific T’hory for Backbone LCPS”.

The treatment of segmental intermolecular interactions

in Ref. 2 has been significantly refined (after the ❑anner

of Ref. 7) in Ref. 13: In the following, ~ and & can each

take the values 1 or 2. - ‘citld - ‘citk”

‘ci~k!’;-L‘yizkj”%itu - ‘titk” Each wyizk

4cYizk[(aa/a)
12 - (ao/a)6]. ~yizk - (eyi,z;x?$kl

%itk[ -
-

‘cickl[

- ‘cickLL” ‘yizk2 and @yizk3 are calculated (after the

manner of Ref. 7) using Eqs. (13,5-3) and (1.3-8),

respectively, Of Ref. 17(a) USing values of pDl, PD2! acl!

ac2‘ atl, and at2, where these latter six variables are

defined for pure Cl and pure C2 in this paper in the same

reannexas pD# ac, and at are defined in hf. 7. ‘cick2~ -

‘cick21 - - (~~jack + ~~k@ci)/[2a6~r - 2)2]. ‘citk2 - -

P~iatk/[2a6(r - 2)2]. ‘cick3~ - - Pdi#dk/(~[a(r - 2)]3).

v - (x1a2((2a/dpl)‘titk2 - ‘cick31 - ‘citk3 - ‘titk3 - 0“
+v~/3(m - (2/@l)l) + x2a2((2a/@2) +v~/3[m - (2/@2)Il)/

(xlml + x2m2). In this paper, the global ❑ole fractions Xl



/1

THEORIES FOR BACKBONE & SIDE-CHAIN LCPS & MIXTURES

and X2 in the ❑ixture are defined in terms of the local

mole fractions xl and X2 by Xl - x1dp2/(x1dp2 + x2dp1) and

X2-1-X1,

As in Ref. 7, various thermodynamic equations are

obtained (after the ❑anner of Refs. 2-3 and 5-6) from the

partition function CJ,including (1) a pressure-vclume-

temperature (pVT) equation of state, and (2) and (3)

equations that minimize the Gibbs free energy of the system

with respect to P2r1 and P2K2 in the various phases at

constant ~ and ~. AS in Ref. 7, these three specific

equntions are (in general) solved simultaneously (via

numerical computer iteration) to obtain numerical values of

the three independent variables p, P2r1, and P2r2 in the

various phases of the system at given ~ and ~, given the

physical constraints O < p s 1, 0 s P2r~ < 1, and O s P2r2

s 1,

RESULTS AND DISCUSSION— —

This paper reports theoretical predictions and explanatiofls
for some ❑agnitudes and trends in thermodynamic and
molecular ordering properties as a function of datails of
❑olecule chemical structure for backbone LCPS, side-chain
LCPS, and ❑ixtures with backbone L5Ps, The theoretical
results in this paper were calculated using the theories
outlined in the preceding “Theory” section. These
theoretical results are found to be physically reasonable
and in agreement with available experimental data,

RESULTS FOR BACKBONE LCPS

Theoretical results for backbone LCPS are shown here as a
function of the degree of polymerization, Table I shows
the effect of the degree of polymerization dp on some
properties at the transition between the nematic (~) LC
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phase and the isotropic (~) liquid phase for a backbone
LCP, (The ~ phase is the lower-~ phase, and the ~ phase is
the higher-~ phase.)

TABLE I. Some transition properties vs. dp for a
backbone LCP with ~ and ~ phases.

dp ‘N.1 (K) ‘2r

1 311.7 0,6186

5 &85.4 0,6835

10 523.3 0.6945

50 558.0 0.7041

~02 562.7 0.7053

~~3 566.9 0.7065

~04 567.4 0.7066

~05 567,4 0.7066

TN-l is the transition temperature, and P2r Is the

average orientational order for ● rigid aaction of the LCP

in tha ~ phaao ●t th~ transition, ‘2r - ((3 COS2/9r-

1))/2, whero #r is the angle bctwean the long ●xis of a

rigid aaction ●nd tbe preferred ●xis or orientation for

this rigid aectlon,

From experimental data [Refs, l)(b)-21] for atoms or

small groups of ●toms, cha input variables (for

definitions, see Ref. 7) for the example LCP of Table I

were estimated (Ref. 11) after the manner of P.*f.7 to be r

-5,ffl 3, ccc/k = 290 K, ctt/k- 150 K, pD- 1,45 D, a; -

32x10-24 cra3,and at - 2X10-24 cm3, Theme variables are
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appropriate for a LCP vith a ❑olecule chemical structure of

[-O-#-d-#-CH2-(CH2)3-]dp. P- 1 atm. All calculations in

this paper (as in Ref. 7) use Eg/k - 250 K.

We have chosen the backbone LCP of Table I since it is
about the simplest backbone LCP with a longitudinal aipole
in the rigid section of the repeat unit. This particular
repeat unit ham about the smallest longitudinal dipole that
one could have. By choosing a repeat unit with a dipole,
we have of course emphasized the fact that the theory of
this paper can treat dipolar forces.

In Table I, the transition properties increase as dp
increases, with the value of a property tending to
asymptote as dp + - 100. This trend is in good agreement
with experimental results (see, for example, Ref. 22) for
numerous backbone LCPS,

It makes sense physically that adding another repeat
unit to the backbone makes less relative change in the
le~~gth(and other properties) of the LCP as the length
increases. lt is nlear from Table I that the effects of
polydisparsity on system properties can be large for dp
less than the asymptotic value, while Folydispersities in
tha dp range greater than this asymptotic value have less
effect on system properties,

Calculations of other thermodynamic ●nd ❑olecular
ordering properties (including odd-even effecks) for
various backbona LCPS in the ncmatic, emectic.Al, ●nd
smectic-Ad LC phases mnd in the isotropic liquid phase as a
function of different features of the chemical structures
are presantad in other papers (Refa, 11 ●nd 16) ●nd
therefore ●re not detailed here.

RESULTS POR SIDE-CHAIN LCPS

This section gives somo theoretical predictions and
physically reasonable explanation for the effect of
varying the chemical structure in tha side chain of ●

side-chain LCP on tho transition of tha side chains from
packing in ● ❑onolayer smectic-A (SA) (i.e., a SA1 phase)
to packing in a bilayer SA phase (i.e., ● SA2 phase), In
the ❑onolayer SA1 phase, the sidm chains on ● molecule
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fully interdigicatewith (i.~., pack between) the side
chains of other ❑olecules. In the SA2 phase, the side
chains on a molecule pack only with neighboring side chains
on the same ❑olecule. The SA!.phase is the lower-~ phase,
and the SA2 phase is the higher-~ phase, Specifically, the
number 2y of ❑ethylene or methyl groups in the semiflexible
sections in the side chain of an example side-chain LCP is
varied in Tabb II.

TABLE II. Some SA1-SA2 transition ~ w. y in a side-
chain LCP.

Y ‘SA1-SA2 (K)

3 464,1

4 502.1

5 528,5

6 547,7

From ●xpcrimmtal data [Refs. 17(b)-21] for atoms or

small groupt of ●toms, khe input variables (for

definitions, sae Ref. 7 ●nd tho preceding theory section of

this paper for side-chain LCPS) f,w tho ●xample LCP of

Table 11 wara ●stimated (Ref, 12) ●fter tho ❑anner of

Rcfs.2and7tobo r-5, f- Zyt ac=fl - 283 K, titt/k-

150 K, AD -o, Iig/k - 250 K, rb = ~, fb - 4, Egb/k- 250 K.

These variables arc appropriate for a ●ide-chain LCP with a

backbone chemical structure of [-~H-(CH2)5-lloo●nd a

side-chain chemical ●tructuro of ‘

-cH2-(cH2)y-cH@N-N-#-ct!2 -(CH*)(Y.1)-CH3. P - 1

We haw chosen the side-chain LCP of Table II
has ●bout the simplest backbone chemical structure

atm.

since it
●nd Ilas
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a very simple side-chain chemical structure. By choosing a
side-chain LCP with no dipoles, we have of course
emphasized the fact that the transition of the side chains
between packing in a monolayer SA1 phaaa to packing In the
bilayer SA2 phase does not require dipolar forces.

In Table II, the SA1 phasa becomes ❑ore stable at
higher ~ as the side-chain becomes longer, [Calculations
(Ref. 12) using the theory of this paper predict that
different trends can occur, depending on the chemical
structures of the backbone and ●ida chaina in aide-chain
LCPS.]

In general, energy favors the SA1 phase, and entropy
favors the SA2 phase. That is, the side chains ●re closer
to ~ach other in the SA1 phsee (fully interdigitated phase)
and have more favorable attractive energies than in the SA2
phase (non-intordigitatad phase). [Thic statamant la true
for she SA1 phase if (as in Table II) the backbone chemical
structure has been chosen such that tho sido chaina are far
enough ●part so that they do not experionca the strongly
repulsive parts of their potentials when they ●ro
intordigitatad in ● SA1 phase.] In tha SA2 phase, tho mide
chains are farther from ●ach other ●nd thus have more
entropy (disorder) than in the SA1 phase.

Aa discussed in detail in Ref. 12, tho relative
stabilities of tho SA1 and SA2 phasaa ●re ●n ●xtlemely
sensitivm function of the specific chemical structuroa of
tho backbone ●nd tha ●ide chain, of Bid.-chain LCPS ●nd of
how the flexibility, packing, ●nd intemolocular forcos of
these ●tmctur~s change ●b ● function of ~ ●nd ~. While
some ●ide.chain LCPS (such ●s that illustrated in Table II)
can ●xhibit both SAl and SA2 packing h rmgu of I ●nd !

that ●ra reasonably ●ccessible to experiment, other
aide-chain LCPa ●ra predicted to ●xhibit (Rof, 12) only SA1
packing or only SA2 packing in such rangco of ~ ●id ~,

RESULTS FOR MIXTURES WITH BACKBONE LZPS

Theoretical predictions ●nd ●xplanations aro raported for
binary mixtures of ● backborm LCP [Component 1 (Cl)] with ●

sacond compound [Componcmt 2 (C2)], which may ba ●ithar
polymeric or non-polymric ●nd ●ithar LC or non-LC,
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Effect of Holecular Structure ~ Component 2— —

The effect of the molecular structure of Component 2 (C2)
in a binary mixture with a backbone LCP [Component 1 (C?)]
is illustrated in this section. Table III shows
thaorotical rasults calculated for binary mixtures of a
backbons UP and three different C2 molecular structures at
the nemwtie-to-iwotrupic”(N-+)transtiion, Theee *ee C2 \
compounds are ● non-LC MU compound, ● non-LC polymer, and

LC LllWcompound,

TABLE 111, Hole fractions of Component 2 of diff~rent
molecular structures in the coaxisti,:~~
ph~ao V9. reduced ~ in binary mixtures with
● backbono LCP.

H1 n2 n3

(non-LC IJ4W) (non-LC polymor) (Lc w)

T/(TN.l)l ‘2N ‘2N ‘2N

1.000 0.0000 0,0000 0.0000

0.999 0.0192 0.0009 0.0641

0.990 0.1638 0,0091 0.4093

0,970 0.3692 0.0274 0.6811

0.950 0.4928 0,0461 0.7855

0,925 0.5918 0,0700 0,8508

0.900 0,6579 0.0944 0,8878

Sinca tho N-I transition is ● (weakly) first.ordar

transition (1.0,, has small, but finit. Changaa in dmmity,

●norgy, ●nthalpy, ●ntropy, ●tc.), thoro is ● two-pham

region (i.e., a ranga of mola fraction X2 of C2 in which

both phas.s (N and ~) cooxist simultanoournly), X2N ●nd X21

●m tha mola fractionm of C2 in ch. coaxi~ting ~ ●nd ~
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phases, respectively, at a given reduced ~ given by

T/(TN.l)l, *ar~ (TN.l)l iS the N-I transition~ for pure

cl. Due to apaca constraints, only X2N im listed for e~ch

❑ixture in Table 111.

The calculations in Tablo III are for mixtures in

which tho molecules interact with each othor through only

steric (i.e., hard, or infinitely large) repulsions. That

Is, ●ll @Yizk - J (k.. the preceding thaory section for

❑ixtures with backbone LCP#). P - 1371.8 ●tm. Aa is

w~ll-known (Rofs. 3 ●nd 5-7), condmsad phams can only

●xist ●t higher ~ ●rid/or lowor ~ in thoorioa in which the

MO1OCU1QS interact only through hard-rapulaiva forcoa than

in thoorias in which tha molocules ●lso interact through

●ttractive forms,

Tha moloculas ●rt ●ll saquancas of comactod ●qgmonts,

with ●sch mgmant bafng of unit dimensions. Rosulta ● rc

shown for ● backbona LCP Cl with ● rapoat unit of 4 r!,gid

sopants ●nd than 3 semiflcxibla sogmants; thus, rl - 4 ●nd

f, - 3. Egl/k = 250 K. In all throo ❑ixturas in

T#ble III, dpl ~ 100.

Also, Eg2@ - 250 K for C2 in ●ll throo mixtures in

Tablo III. In Hixturos 1 ●nd 2 (Ml ●nd M2) in Tablo III,

tha C2 ropcat unit has 2 rigid sogmants ●nd then 4

somifloxiblo sogmanta; thus, r2 =2 and f2-4in141 and

t42. dp2 - 1 in Ml, and dp2 - 100 in H2, In M3 in

Tablo 111, C2 has 4 rigid sagmnts ●id 2 smmiflaxibla

sogmants; thus, r2 - 4 ●nd f2 = 2 in Ml, dpz- 1 lnti3,

The#o input variablas for C2 in 141and f42●ro consistent
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(Refs. 2 ●nd 7) for a non-LC IJ4U●lkyl chain ●nd a non-LC

polymeric alkyl chain, respectively. Thaae input variables

for C2 in H3 ● ro consistent (Ref. 7) for a MU LC.

Each of tha three C2 compounds in Table III tends to

disrupt tha orionhational ordering of tha baekbonc LCP,

thus lowering the TN-l of the mixture. This roault is

consistent with calculated ●nd exparimantal rasults for INW

~ 9y-tOMS (s@@ Ref. 2).

Tablo III illustrates tho ●ffect of tha flexibility of

C2 on tha binary ❑ixturo with ● backbona LCP. As soon in

Table III, a smallar mola fraction X2 of th ❑ora flexiblo

C2, Whothar LJitlor polymoric (s.. 111●nd M2), is raquircd

to ●chiovc tho ●m. roducod transition g [i.a,, T/(TN.l)ll
of tho backbonm 12P Cl than is roquirsd with tho noro rigid

C2 (sac r13). That ia, tho ❑oro flexible (non-LC) C2 is

moro ●ffcctive than the mora rigid (LC) C2 in disrupting

tha oriontational ordar of tho backbontiLCP c1. (Even

though C2 in H3 is LC itself, it is shortor and thus lass

ordorad than the backbona LCP Cl ●nd tharafora tends to

disrupt tho oriancational ordaring of Cl somwhat.) It

makes sansa physically that ● ❑oro floxiblt C2 disrupts tha

oriantational ordor ❑oro than ● moro rigid C2, cinco a moro

flaxiblm compound has Lass tamdamcy to orientatioually ..

ordor itself than a ❑oro rigid compound.

Tiblo III ●lso illustrates tho ●ffact of ths dogroa of

polymerization of ● non-LC C2 on tho bin~ry ❑ixture with m

backbona LCP, As sasn in Tablo III, a smallar mol.

fraction X2 of tho non-U polymor C2 in M2 than of ths
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non-LC lllWC2 in Ml is required to achieve tha same reduced

trans~.tion~ of the backbone LCP Cl. That is, the non-U

plymnr C2 is ❑ore effective than the non-LC MU C2 in

disrupting the orientational order of the backbone LCP Cl.

This result makes sense physically, since it is eauier for

the long chains of the non-LC polymer C2 than the short

chains of the non-LC INU C2 to disrupt the orientational

order of a backbone LCP Cl,

Aa scan in Table 111 and later, tho coexistence cunee

for the ❑ixtures of a backbona LCP Cl and ● non.LC C2 (or a

less-ordered LC C2) ●re not straight lines in reduced-~

vs. X2 phase space, but rather ●ro cu~ed in a somewhat

concave-downward (i,o., concavo toward lowar-~) manner,

Thaee cunaturee ●re much mors pronounced if on. componont

is ● polymer ●nd the other componont is ● MU compound (as

is the casa in Ml and 143in Table III). Thus, chase

curvatur~s are mor~ pronounced if there is ● larger

difference between the lengths ●nd shapes of the molecules.

That is, if C2 is of a rather different lmgth ●nd shape

t~an Cl, cha ●ffect of ●ddhg mort C2 is notlcembly not

linear, This result makes sons. physically: For ●xample,

if (as in Ml ●nd 143in Tablo III) C2 is of ● ●hortar length

than Cl, mote C2 has to b. ●dded before the long~r Cl

molacules ●rm as ●ffactivmly affutad u in tho ~aso in .

which tho ❑oleculom have more rnimilarlengths,

We havo choson the ●xample ●ystoms of Table 111 co
show that hard repulsions (spoclflcally, tha ●ffects of the
storic packing of moleculan of different lengths ●nd
shapes) ●re sufficient to generate the cumatures of these
coexistence curves. Thu#, ~ttr#:tiVO fOtCOe (including
dipolar forcos) are not required ~or thest cumatures,
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The theory of this paper appears to be the first
theory to genorata and explain tlmse cunatureE,

,&articularly for larger reckc~d-~. Those cumaturas are
saen experimentally (see, for axamplti,Raf. 23).

It im worth noting, in pa-sing, that the theory of
this paper pradicta.that If cha pura C2 oriantationally .
orders ❑oro than the pure Cl, ●dding C2 to Cl will increase
the N-I transition ~ F Cl, ●m has bean soon in Raf. 2 for
calculations with W ,ystams.

The theory of this paper can be uaod to perform
calculations at smaller reduced-~, whro tho width of t-no
two-phass region rapidly anlargss ●S ~ docroasos in soma
ewporimantal systems, Sines aarliar thaorios [such as chat
of Flory (SQO Ref. 24)] haw boon ●dquato to account for
this ●nlarg@mant of the two-phase region, wo do not belabor
tho point
diucummed
●t larger

Effect of—

in this paper, but rather concontrata (as
above) on the results of cha theory of tl]i~ paper
raducad-~.

Chemical Structura of the Backbone LCP——

Tho ●ffact of tha chamical atructurb of a backbone LCP
[Componont 1 (Cl)] in ● binary ❑ixturo with a non-LC W
compound [Componont 2 (C2)] 1s illustrated irithis soccion.
Table IV ahov~ thoorosical results calculated for binary
❑ixtures of A non-LC MU C2 with backbono LCPS of differant
chamical structures at ths namatic-to-isotropic (N-I)
transition, T’h backbon~ LCP Cl hao no dipolo in Hixturo 1
(Ml), but has ralativsly larga dipolar forcos in Mixturo 2
(M2).

X2N ●nd X21 ●re the ❑ola fractions of C2 in tho

coaxistlng ~ ~d ~ phas~, rwspwtiivti~, & ●-glvan redllcod -

~ giwn by T/(TN.l)l, where (TN-l)l is tha N-I transition ~

for pur. Cl,

‘T%.calculations in Tablo IV ●ra for mixtures in which

tha molaculos interact with ●ach other through thoso

alto-alto interactions: rnoft(finlto-sized) repulsions ●nd
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London dispersion attractions, as well as :teric (’e. ,

hard, or infinitely large) repulsions, ‘Thcd@Intaractiorsi

are calculated using site-site Lennard-Jan*.s(12,6)

potentials as explained in the preceding “Theory” section.

In addition, M2 also has site-site dipolar forces

(dipole/dipole and dipola/induced dfpole inf.eractions).

P- 1 atm.

TABLE 1;’. Mole fractions of ● non-LC W Component 2 in
tha comxiating ~ ●nd J phases vm. r.chmad ~
in binary ❑ixtures with a backbono LLP with
diffarant dipolar forcaa.

Ml !42

(nondipolar LCP) (dipolar LCP)

T/(TN.Ill ‘2N ‘2 I ‘2N X2 T

1.090 0,0000 0.0000 0. 000!) o woo

0,999 0.0329 0.0477 J,8542 0,9647

0,990 0.2482 0.3315 0.8533 0.9652

0.975 0,4819 0,5937 0.8509 0,9665

0,950 0.5937 0.7059 0.1481 0.9677

0.925 0,6713 0,7801 0,8439 0.9691

0.900 0,7176 0.8237 0,8389 0.9704

From exporimantal data [R6f~. 17(b)-21] fGr ●toms or

mall groups of ●toms, tho input variables (for

definitions, soa Rafs. 2 and 7 ●nd tho proc~ding theory

●action for mixtur~o with backbone LCPS) for th% axampla
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mixturas of Table IV were estimated (Ref. 13) after the

manner of Refs, 2 and 7 to be rl -4, fl - 3, dpl - 100,

Egl/k - 250 K, ccicl/k - 300 K, and ctlt,/k - 150 K for Cl

in both mixturer. PD1 -O forCl inlll. In M2, pD1 -

5.2 D, a~l- 24x10-24 cm3, und atl - 2X10-24 cm3 for C2.

These variable~ are “- ‘oDriatefor a backbone LCP Cl with

a repeat unit of [- CH7-(CH2)3-1100 in both..
❑ixtures, where dipo ~rces of the order of those in the

rigid s~ction [-O-+-4-C-N-]have also en added to the

rigid s~ction of the repaat unit of the backbone LCP Cl in

n2, This particular aasignmant of variables for Cl allows

us to iaolato the effect of ●dding 7ngitudinal dipolar

forces to tha backbone LCP Cl in Table IV.

In both ❑ixtures, r2 - 2, f2 - 0, dp2 - 1, Eg2/k -

250 K, tc2C2/k - tt2t2/k - 150 K, PB - 0, anda;2 - at2 -

2x10-24 cm3 for C2, Thase variables are appropriate for a

non-LC LlfWC2 with ● chemical structure of CH3-CH3.

As in Tablo 111, the non-LC I14WC2 tends to disrupt

the oriantational ordaring of the backhon- LCP in each

rnixtura in Tablo IV, thus lovurlng th~ TN-l of each

mixtura,

Tabla.IU.ilLtutzatoAth ●ffat of the lom@udinaL

dipola: forces in ● backbona LCP Cl on tho binary mixture

with ● non-LC MU C2, As soon in Tabla IV, a smaller mole

fraction X2 of this C2 is required to ●chiava tha same

roducwd transition ~ [i..,, T/(TN.l)l] of ths backbono LCP

Cl if Cl has no dipolar forcos (sea Ml) than if Cl has

dlpolar forcas (s@o 142). That is, ❑ore of ● non-LC 114W
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C2 isirequired to disrupt the orientational order of the

backbone LCP Cl if Cl has a longitudil~aldipole in the

repeat unit than if Cl has no dipolar forces. This result

makes senne physically, since a longitudinal dipole in the

rigid section of the repeat unit of a backbone LCP can pull

the rigid sections closer together and therefore orient

these rigid sections ❑ore, thus ❑aking it more difficult

for a non-LC U4W C: to disrupt the orientational ordering

of the backbona LCP ❑olecules.

CONCLUDING REMARKS

This paper has prosontsd ● sumary of some results
(Especially general trands) calculated using new thoorias
for backbone LCPS, for side-chain LCPS, ●nd for ❑ixturas
with backbone UPS. (Thesa theories for LCPS ara
extensions and rafinomonts of earlier, very successful
theories appliad to IJfU LCs.)

Thasa now LCP theorios predict ●nd explain
thermodynamic ●nd molecular ordertng proper?ias of these
systoma as a function of the different featur~s of the
molacule chemical structures ●nd thair packin~. There arc
~ ●d hoc or arbitrarily●djustable parameters in thasa
thaories, To cwphasiz~ the predictive ability of these LCP
theorias, the molcule chemic~l structures chosen for study
in this paper havo not yet (to the author’s knowladga) bean
synthesized,

While constraints on the s~ar-y nature of this paper
prohibit ●n ●Aaustiva comparison of resulcticalculatod -
from the LCP theories of this paper ●nd ●xperimental
rasulta, we do note that the trends calculated for LCPS in
this paper ●ro physically reasonable and ●re in ●greemant
with ●vailable ●xperimental dat~. Purthamore, ●

comparison nf the Mgnitudem of various thermodynamic and
molecular ordering properties calculated for the LCP
cystame of this paper with tha ❑agnitudes of thase
properties for ●xisting LCP r,ystams indlcatas that the
calculated rasults in this paper can be ●xpected to be
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rather accurate qualitatively and semiquantitatively (and
in some cases, also probably quantitatively). (See
Refs. 11-13 for a ❑ore detailed comparison of some results
for existing LCP systems calculated using the LCP theories
of this papet with experimental results for these systems.)

The theories for LCPS in this paper have also been
extartded(Ref~ 25) to-study csmbh~ LOPS. - [F- exp-i- -
mental examples of combined LCPS, see Ref. 26 and
references therein,] The theories of this paper are in the
process of being extended to treat ❑ixtures with side-chain
and combined LCPS.

These theories of this paper have been used to design
(acorn-by-atom,bond-by-bond) new LCPS and new solvents for
LCPS (Ref. 27),
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